We describe systematic studies on Nd and Mn co-doped BiFeO 3 , i.e., (Bi 0.95 Nd 0.05 ) (Fe 0.97 Mn 0.03 )O 3 (BNFM) polycrystalline electroceramics. Raman spectra and X-ray diffraction patterns revealed the formation of rhombohedral crystal structure at room temperature, and ruled out structural changes in BiFeO 3 (BFO) after low percentage chemical substitution. Strong dielectric dispersion and a sharp anomaly around 620 K observed near the N eel temperature (T N $ 643 K of BFO) support strong magneto-dielectric coupling, verified by the exothermic peak in differential thermal data. Impedance spectroscopy disclosed the appearance of grain boundary contributions in the dielectric data in the region, and their disappearance just near the N eel temperature suggests magnetically active grain boundaries. The resistive grain boundary components of the BNFM are mainly responsible for magneto-dielectric coupling. Capacitive grain boundaries are not observed in the modulus spectra and the dielectric behavior deviates from the ideal Debye-type. The ac conduction studies illustrate short-range order with ionic translations assisted by both large and small polaron hopping. Magnetic studies indicate that the weak antiferromagnetic phase of BNFM ceramics is dominated by a strong paramagnetic response (unsaturated magnetization even at applied magnetic field of 7 T). The bulk BNFM sample shows a good in-plane magnetoelectric coupling (ME) coefficient. V C 2015 AIP Publishing LLC. [http://dx
Dielectric anomalies due to grain boundary conduction in chemically substituted BiFeO 3
I. INTRODUCTION
Multiferroic magnetoelectric (MF-ME) materials have been widely and extensively studied due to their unique natural properties. Single-phase multiferroic materials have attracted much attention in the last decade; these systems possess both ferroelectric and ferromagnetic properties simultaneously, in which application of an electric field or magnetic field can alter the magnetization or electric polarization, respectively. Room temperature single-phase multiferroic materials are rare in nature; recent discoveries have revealed several systems having active polarization even above room temperature; however, the small magnitude of polarization and cross coupling has serious limitations for practical devices. Different origins of ferroelectricity have been explored, such as charge ordering, magnetically induced ferroelectricity, lone-pair electron effects, octahedral distortion, strain mediatation, geometrical frustration, etc., but in general, ferroelectricity results from relative shifts of negative and positive ions that induce surface charges. The MF-ME materials have a strong research interest due to both the rich fundamental physics and the number of potential multi-functional applications in modern technologies. [1] [2] [3] [4] [5] In general, magnetoelectric multiferroic single phase materials can be divided into three main groups: (i) Perovskite oxides (Relaxor Pb-family, bismuth compounds, rare earth (RE) manganites, mixed perovskite solid solutions), (ii) other oxides (REMn 2 O 5 family), and (iii) non oxides (phosphates, boracites, fluoride family spinel chalcogenides, and delafossites).
Many of the compounds in the above-mentioned groups have drawbacks: they are multiferroic only at low temperature; they have very low ferroelectric and/or ferromagnetic response; and exhibit low values of magnetoelectric coupling constant for practical applications. 2, 3, 6, 7 BFO has both ferroelectric and antiferromagnetic properties at room temperature, i.e., G-type antiferromagnetic phase transition (T N ¼ 643 K) and ferroelectric-paraelectric phase transition (T C ¼ 1143 K). 4, 8 A major drawback is conducting grain boundaries and domain walls, but ironically the latter permits enriched functionalities based on domain walls. 9, 10 In BFO, ferroelectric and transport properties are also hindered by its high leakage current, which arises due to the presence of defects, nonstoichiometry, and low resistivity. For practical multifunctional applications of this material, it is essential to improve its multiferroic properties with low leakage currents. 11, 12 This can be achieved by introducing suitable dopant ions at A and B sites in this material. A or B sites substitution in BFO can lead to reduction in leakage current, increase in resistivity, and enhancement in the ferroelectric and ferromagnetic properties. 13, 14 Hence, there is a lot of research going on in the synthesis of suitably doped BFO. For example, Yu et al. 13 3 (BFM) films in a wide range of electric fields. Kawae et al. 16 have studied the leakage current density of Bi 1Àx Nd x Fe 1Ày Mn y O 3 (x ¼ 0À0.07 and y ¼ 0-0.07) thin films and achieved the lowest leakage current in the films with the composition of x ¼ 0.05 and y ¼ 0.03. They also concluded that small amount of Mn substitution is very effective in reducing the leakage current, whereas excess substitution leads to an increase in leakage current.
From the literature, it can be concluded that cosubstituted BFO show better electrical and magnetic behavior than single phase BFO along with reduced leakage current. Thus, we have been motivated for the co-substitution of Nd 3þ in A sites and Mn þ4 in B sites of BFO to achieve enhanced magnetic, electrical, and magnetoelectric properties with reduced leakage current. Nd helps in suppressing the formation of secondary phases, reducing the leakage current and improving ferroelectric or magnetic properties, whereas substitution by transition metal ions (Mn þ4 ) reduces the fluctuation of the Fe valence and oxygen vacancies, which is an important factor to reduce the leakage current. [15] [16] [17] [18] [19] [20] [21] Based on the literature, the present doping concentration of Nd and Mn in BFO has been chosen for our studies as this composition shows lowest leakage current with enhanced electrical properties among all the substitutional compositions. 16 In this work, the main aim is to study the structural, dielectric, impedance, magnetic, and magnetoelectric properties of BNFM system. Also, we report the dielectric and impedance behavior of BNFM near the magnetic phase transition temperature and ME coupling at room temperature. We show unambiguously that resistive grain boundary conduction is responsible for the large magneto-dielectric anomaly near the N eel temperature. Polyvinyl alcohol solution (1%) was added into the dried powders as a binder then pressed using a hydrostatic press (3.9 Â 10 4 Pa) into pellets of 13 mm diameter. These pellets were sintered at 860 C for 6 h. All heat treatments were performed in air. The flat surface of the sintered pellets was polished with fine emery paper, and then top and bottom electrodes were made by coating high purity silver paint followed by firing at 200 C in air for better conduction and adhesion. Crystalline phases of the sintered pellets were identified via X-ray diffractometry (Rigaku Ultima III) using CuK a radiation with wavelength of k ¼ 1.5405 Å . Simulation of the crystal structure of BNFM samples based on the measured x-ray diffraction (XRD) data was carried out using refinement software (Fullprof) . Scanning electron microscopy (SEM) images were recorded using a JEOL JSM-6480LV system operated with an accelerating voltage of 20 kV. The composition of fabricated ceramics was confirmed by X-ray fluorescence spectroscopy (XRF) and highresolution X-ray photoemission spectroscopy (XPS). Raman measurements of BNFM samples were carried out in the backscattering geometry using the 514.5 nm line from an Ar ion laser in the temperature range from 80 K to 700 K. The scattered light was dispersed by a T64000 spectrometer and collected with a charge-coupled device (CCD) detector. Calorimetric properties were measured using differential scanning calorimetry (DSC). Equilibrium magnetization curves at various temperatures were acquired using a superconducting quantum interference device (SQUID) magnetometer from Quantum Design (MPMS-XL7). Dielectric measurements (capacitance and tangent loss) were carried out in the temperature range of 100 K to 670 K for frequencies between 100 Hz and 1 MHz using a programmable temperature controller (MMR K-20) and an impedance analyzer (HP 4294A). The magneto-electric voltage coefficient for BNFM ceramics poled for 12 h in a constant electric field was determined by dynamic methods as a function of bias field H at ac field H ac ¼ 4500 Oe and frequency 1 kHz by measuring the voltage across the sample utilizing a lock-inamplifier.
II. EXPERIMENTAL DETAILS

III. RESULTS AND DISCUSSION
A. XRD and Rietveld refinement
To investigate the structure and lattice characteristics of Nd and Mn co-doped BFO ceramics, Rietveld refinement of experimental XRD pattern of BNFM was carried out using Fullprof suite sotfware package. 22, 23 Figure 1(a) shows the observed and calculated diffraction patterns of BNFM ceramics at room temperature. Experimental XRD of BNFM shows a very low intense peak at $2h ¼ 28 (marked as *) assigned to the Bi 2 Fe 4 O 9 phase, which can be due to excessive Bi used for compensating volatilization during material synthesis, 24 the Bi 2 Fe 4 O 9 is about 2% compared to the intense peak in BNFM XRD spectra. In these XRD patterns, no extra splitting can be observed in characteristic rhombohedral peaks; thus, it can be concluded that there is no phase transition occurring from rhombohedral to tetragonal or other phases with co-doping of Nd and Mn in A and B sites of BFO. 25 Most of the diffraction peaks in this XRD pattern of BNFM shift slightly towards higher angle compared to those of BFO due to slight lattice compression by chemical doping of Nd and Mn at A and B sites. The Rietveld refinement of BNFM ceramics has been carried out by considering the rhombohedrally distorted perovskite structure with space group R3c, initial lattice parameters and atomic positions for the simulation were taken from those reported elsewhere. 21, 24 The shape of peaks was refined by Pseudo-Voigt function 26 and scale factor, zero shift, specimen displacement, background, transparency, lattice parameters, FWHM, shape parameters, atomic positions, preferred orientation, and anisotropic temperature parameters were varied during refinement process. 23 The diffractometer parameters used for data collection, the crystal structure parameters derived from simulation, and reliability factors are all listed in Table I . The structural parameters obtained from refinement (Table I ) match well with the reported values for BFO and doped-BFO. 21, 24, 27 The decrease in lattice parameters and unit cell volume observed in BNFM in comparison with pure BFO 24 is due to the fact that the effective ionic radii of Nd þ3 (0.983Å )/ Mn þ4 (0.530Å ) are lower than those of Bi þ3 (1.03Å )/Fe þ3 (0.645Å ) in A and B sites. 28, 29 The density of the BNFM ceramics was measured using Archimedes principle and it was found to be 7.32 g/cm 3 . This value is about 92% of the theoretical BFO density, 30 and is close to the value 7.418 g/cm 3 obtained from XRD refinement analysis given in Table I . The reliability factors (Table I ) match well with reported values for BFO and doped BFO. 21, 26 All prominent Bragg peaks were successfully indexed using the JCPDS x-ray diffraction file of pure BFO [JCDPS #821254]. Table II 21, 27 Figure 1(b) shows a three-dimensional sketch of the refined BNFM unit cell with rhombohedral structure and R3c spacegroup in hexagonal setting, matching well with earlier reports on BFO and doped BFO. 26, 31, 32 The analysis of the BNFM unit cell revealed that the Bi and Fe atoms are coordinated to six O atoms in an octahedral configuration, forming the distorted octahedral BiO 6 and octahedral FeO 6 , where Bi and Fe cations are at the centre of the octahedra. 31, 33, 34 The observed distance between Bi/Nd and Fe/Mn with O is given in Table II . The longest bond of length 2.4914 Å is found between Bi/Nd and O and the shortest (1.9277 Å ) one between Fe/Mn and O. Figure 1 (c) shows a well defined electron density distribution along (x,y,0), (0,y,z), and (x,0,z) in the BNFM unit cell.
B. Surface morphology
The scanning electron microscopy (SEM) micrographs illustrate the grain growth, voids, boundaries, and surface morphology of BNFM samples as can be seen in Figures 2(a) and 2(b). Figure 2 (a) shows that the BNFM samples have a polycrystalline nature: larger grains with varying grain size from 5 to 10 lm, densely packed with almost no enclosed pores in the sintered ceramics, without macroscopic defects such as cracks or micro-cracks. Magnified morphology of BNFM sample (Figure 2(b) ) shows a clear granular structure with a maximum grain size of $10 lm, with a marked grain boundary region, and few pores among the grains. The wide distribution of the grain size observed in the SEM image can be due to relatively higher temperature and longer duration involved in sintering process. Formation of wider/bigger grains (from smaller grains) with grain boundary junctions takes place during this high temperature process. [35] [36] [37] On the other hand, dense morphology, large grains, and surrounded grain boundaries favor the grain boundary stimulated magneto-dielectric response near the N eel temperature, as evidenced and discussed in the section of electrical properties. 37 
C. X-ray photoemission spectroscopy
The valence state of Fe ions in BNFM ceramics was examined by high-resolution X-ray photoemission spectroscopy (XPS). , respectively. Systematic shifts of the XPS spectra were corrected using the 1s line (284.6 eV) of carbon. It was observed that photoelectron peaks for almost all elements shifted to slightly higher binding energy, which may be due to decrease of electron charge density on the atoms. 38 From the inset of Figure 3 (b), it was observed that Fe 2p doublet consists of Fe 2p 3/2 and Fe 2p 1/2 peaks, the difference in binding energy between 2p 3/2 and 2p 1/2 for Fe ions is around 13.6 eV and matches well with the standard value. We have observed one weak peak at 717 eV which is shakeup satellite peak of Fe 2p 3/2 may be originated by the configuration interaction due to relaxation of valance electrons. 39, 40 Figure 3(b) shows the XPS experimental spectrum (open circles), fitted data (red solid line), and Shirley-type background (orange dashed line) for Fe 2p 3/2 in BNFM ceramics. In our case, the measured Fe 2p 3/2 peak was deconvoluted into two peaks, which suggest the coexistence of Fe 2þ and Fe 3þ states ( Fig. 3(b) ). From the percentage area under the Fe 2p 3/2 peak obtained from fitting, the concentration ratio of Fe 3þ and Fe 2þ in BNFM ceramics was found to be 70:30, . Similar to BFO, the existence of Fe 2þ is inevitable due to the sintering process in air, which can introduce defects in the form of oxygen vacancies and it could also affect the dielectric properties of BNFM ceramics. [41] [42] [43] 
D. Raman spectroscopy
Raman spectroscopy is a sensitive technique to investigate changes in lattice vibrations with dopings at different sites of the unit cell. Figure 4 (a) presents the unpolarized Raman spectra as a function of temperature for BNFM ceramic. The open symbols correspond to the experimental data and the solid lines the fitted Raman spectra. Group theory predicts that rhombohedral BFO with R3c structure should have 13 Raman-active phonons: 44, 45 we have analyzed Raman data taking in to account that the XRD Rietveld analysis revealed that BNFM has similar crystal structure and space group as BFO. In this work, we have observed 9 Raman active modes (3A 1 þ 6E) for BNFM ceramic at 83 K and room temperature (RT); however at RT the E modes above 250 cm À1 are weak. A few modes are not observable or faint in Raman spectra which may be due to dielectric leakage in polycrystalline sample. Table III . From this table, we can observe that a similar number of modes were reported for BFO at 93 K and at RT by Kothari et al. 46 and Rout et al. 25 It was noted that the Raman spectra of BNFM at low temperature (83 K) and RT (Figure 4 (a) and Table III ) are very similar, supporting the idea that the rhombohedral (R3c space group) structure is retained in Nd, Mn co-doped BFO ceramics; similar results were obtained by Haumont et al. 48 for BFO single-crystals. Singh et al. 49 have reported A 1 and low frequency E modes corresponding to Bi-O bonds, whereas higher frequency E modes are related to Fe-O bonds. Comparing the frequency values obtained for BNFM and BFO Raman modes (Table III) , it is clear that these modes shifted to higher frequencies when BFO was codoped with Nd and Mn; this result can be due to difference in the atomic mass of Bi (208.98 g) and Fe (55.84 g) when they are replaced by Nd (144.24 g) and Mn (54.94 g). From Figure  4 (a), we can observe the following features in Raman spectra with increase of temperature: (i) reduction in the peak intensity, (ii) lower frequency values (see dotted line in Figure  4 (a)), (iii) marked widening of the peaks, and (iv) pronounced decrease in the intensity of Raman modes (this effect is more pronounced in high wavenumber peaks (>400 cm BFO, 25, 48, 50 and they attributed this effect to thermal broadening and thermal disorder.
In order to analyze the effect of antiferromagneticparamagnetic (AFM-PM) phase transition around N eel temperature (T N $ 643 K) among low frequency Raman modes (<250 cm À1 ), analysis of this portion of the Raman spectra (see solid lines in Figure 4(a) ) was carried out using a damped harmonic oscillator (DHO) model. 51 The observed vibrational modes in BNFM were fitted with the spectral response function
where the population factor Fðx; TÞ ¼ nðxÞ þ 1 for Stokes scattering and nðxÞ ¼ ðe hx=kT À 1Þ À1 for the Bose-Einstein factor, where x 0 , C 0 , v 0 , and T are the peak position, the line width, peak intensity, and temperature, respectively, describe each phonon mode as a DHO. Temperature variation of the obtained x 0 (wavenumber) and C 0 (full width at half maximum-FWHM) fit values is plotted in Figure 4( Figure 4 (b)-upper), whereas 3A 1 mode disappeared at $433 K, before T N . The 1A 1 , and 2A 1 modes gradually decrease and became almost constant around T N ; however, less wavenumber variation was observed for 1E mode below T N (see dashed lines and arrows in Figure 4 (a)). Similar anomalies were observed in the FWHM vs temperature curve for the same modes (Figure 4 (b)-lower), however, changes were weak. Similar results were reported by Haumont et al. 45, 48 and Rout et al. 25 in single-crystal and bulk BFO, respectively. The AFM-PM transition in BFO is a purely magnetic phase transition, in which structural changes are not present, 52 but it was noted that the error in the Raman fit increased considerably in this region; this can be due to subtle structural rearrangement at the local level. Similar phonon anomalies were observed near the magnetic phase transition in other ferromagnetic oxide materials but less pronounced compared with BFO. Haumont et al. 45 pointed out the possible reasons can de due to (i) magnetostriction, (ii) electron-phonon coupling, i.e., Y 2 Mn 2 O 7 , (iii) spin dependent phonon frequencies, i.e., LaTiO 3 . However, the marked phonon anomaly observed in BFO could be due to multiferroic character of this material, i.e., ferroelectric (cation displacement) instabilities, which are very sensitive to external perturbations (temperature, pressure, stress) and can be affected by local spin correlation which can act as a perturbation. 45, 48 One additional anomaly was observed in the low temperature region (100-200 K) in the temperature dependent phonon frequency and half width plots (Figure 4(b) ). A similar anomaly was observed by Kumar et al. 53 in polycrystalline BFO thin films, and it was attributed to strong magnon-phonon coupling at spin-reorientation temperature.
E. Dielectric spectroscopy
Figures 5(a) and 5(b) present the temperature dependent dielectric constant (e r ) and tangent loss (tan d) (inset) of the BNFM ceramics in the frequency range from 500 Hz to 1 MHz during heating and cooling process, respectively. A dielectric anomaly was observed in the vicinity of the antiferromagnetic-paramagnetic transition of BFO at T N (see green area in Figures 5(a) and 5(b) ), it was observed that it has a dielectric maximum (T m ) at $620 K over large frequency range in the vicinity of T N . 54 Scott et al. 1 reported that magnetoelectric coupling can be measured indirectly by simply recording changes in either the magnetization near, say, a ferroelectric transition temperature or the dielectric constant near a magnetic transition temperature. In the present study, we found a change in dielectric properties around Neel temperature which suggest the existence of magnetoelectric coupling. This dielectric maxima around T N in magnetoelectric materials was attributed to the effect of vanishing magnetic ordering on electric order. [55] [56] [57] Wang et al. 58 found a local minimum of rhombohedral angle, which was associated with the displacement in positions of Bi 3þ and Fe 3þ as temperature comes close to T N . A similar type of anomaly around 620 K has been observed for temperature dependent tan d and thermal data (explained in Section III F) of this sample, which is shown in the insets of C. This behavior can be due to contribution of space charge polarization, which arises because of oxygen ion vacancies at high temperature. 55 Another reason is the presence of the Fe ion, which is a transition element, because of that ionic conduction (Fe þ3 to Fe þ2 ) is increasing inside the sample, resulting in an increase in tan d at higher temperatures. The abrupt increase in tan d during heating process compared with the cooling process may arise due to thermal activation of space charge polarization during heating that is higher than in the cooling process.
F. Thermal analysis
Differential scanning calorimetric (DSC) measurement was carried out on BNFM samples and the results are shown in Figure 5(c) . The heat flow curve indicates an endothermic peak around 620 K which may be related with magneto-dielectric coupling and sharp change in dielectric maxima in the vicinity of T N ; however, a broad exothermic peak related to the magnetic phase transition can also be seen around 638-643 K (inset of Figure 5 C (643 K) in the DSC plot and correlated it to magnetic phase transition from antiferromagnetic to paramagnetic. Wei et al. 63 observed endothermic peak around 400 C corresponding to the magnetic (T N ) phase transition. Perejon et al. 64 also reported a transition around 370 C in DSC plot corresponding to the Neel temperature, T N , for the phase transition from the antiferromagnetic to paramagnetic.
The ferroelectric-paraelectric transition of BNFM which is expected at higher temperature (above 1000 K) could not be measured due to limitations of equipment. From the DSC plot, we have found that the N eel temperature in BNFM sample is in the same range after co-doping of Nd and Mn compared to pure BFO (T N ¼ 643 K), it was reported that cationic substitution of BFO leads to important effect in transitions temperatures (T N , T C ) of BFO due to the chemical pressure exerted by dopants on BFO lattice. 52, 65, 66 We have also observed dielectric and phonon anomalies (described before) in a similar temperature range ($T N ), which strongly suggests magneto-dielectric coupling around this temperature.
G. Impedance and modulus spectroscopy
The major observation until now is the appearance of sharp dielectric and phonon anomalies near T N which is well supported by endothermic peak in thermal analysis. To determine the physical mechanism responsible for this anomalous effect, we have carried out extensive impedance and modulus spectroscopy over a wide range of temperature and frequency. Figure 6(a) shows the frequency variation of the imaginary part of the impedance (Z 00 ) at different temperatures for a BNFM pellet. With increase of temperature, we can observe: (i) decrease in the magnitude of Z 00 and merging together in the high frequency region, (ii) presence of a peak (f max ) which shifted towards higher frequency, (iii) peak broadening and asymmetry. These features suggest the presence of an activated relaxation process in BNFM, which can be attributed to (i) accumulation of space charge in the material, (ii) temperature dependent relaxation process with a decrease in the average relaxation time ðs ¼ 1=2pf max Þ, and (iii) increase in the distribution of relaxation times, indicating a departure from ideal Debye relaxation. 67, 68 The intensity of the Z 00 peak varies strongly with temperature, indicating Arrhenius-type temperature dependence. 69 The activation energy associated with this relaxation process was determined using Eq. (2) s ¼ s 0 expðE a =k B TÞ;
where s 0 is the prefactor, E a the activation energy for the relaxation process, and k B the Boltzmann constant. The activation energy associated with this process was 0.41 eV (see inset Figure 6 (a)), since only one peak was observed in Z" vs. f, this response is mainly dominated by grain contribution. It was reported in oxide ferroelectric thin films that the short range order of oxygen vacancies (V O ) play an important role in the dielectric relaxation; however, the ionization of oxygen vacancies known as first (V • O þ e) (E a < 0.70 eV) and second ionization (V
••
O þ e) (E a $ 1.4 eV) will create conducting electrons, which affect the dielectric relaxation. 70 According to the numerical values obtained for E a of BNFM, we conclude that the first ionization process can be responsible for dielectric relaxation.
The frequency dependent imaginary part of electric modulus M" is shown in Figure 6 (b) for various temperatures for BNFM sample. At each temperature only one peak was observed in the frequency window studied with similar features already discussed for Z 00 vs f. The inset of Figure 6 (b) shows s vs. 1000/T plot which followed the Arrhenius behavior (Eq. (2)), and the calculated value 0.39 eV for E a is in well agreement with value obtained from Z 00 vs. f plot. Complex impedance spectroscopy is an important and effective technique to study and analyze the electrical response of dielectric or ionic materials. 71 Figure 6 (c) and its inset show the complex impedance plot of BNFM sample at higher temperatures (550 K-650 K) and lower temperatures (400 K-500 K), respectively over a wide range of frequencies (100 Hz-1 MHz). The complex impedance plot is characterized by the presence of semicircle arc whose pattern of evolution differs with increase of temperature; the high frequency semicircle represents the contribution of bulk (grain-G) property of that material, whereas low frequency semicircle represents the contribution of grain boundary (GB). In the temperature range from 550 K to 640 K, two different contributions can be observed at low/high frequency side corresponding to GB/G contributions, respectively. It is important to note that the GB contribution is present only in the T N region (see green rectangle in Figure 6 (c)), not GB contributions was observed below 550 K (see inset of Figure 6 (c)) and above 650 K. Ghosh et al. 72 observed an anomaly in real and imaginary parts of the permittivity vs. temperature around T N for multiferroic Pr(Sr 0.1 Ca 0.9 ) 2 Mn 2 O 7 . The frequency variation and relaxation process exhibited around T N , can be assigned to the coupling between magnetic and electric order parameters, due to the fluctuation in the coupling dynamics between polar domains and long-range magnetic order. It was also reported that this behavior can be also caused by magnetodielectric effect which is principally due to magnetoresistive response of the multiferroic sample. 73, 74 It confirms that active conducting (resistive) grain boundaries are responsible for the large magnetic-dielectric response and dielectric anomaly in the vicinity of T N .
Complex electric modulus plot (M 0 vs. M 00 ) of ceramic BNFM is shown in Figure 6 (d) at selected temperatures (400 K-650 K). It was found that high temperature M 00 vs. M 0 curve can be fit with a single semicircle arc with the center located below the M 0 axis and indicates that the spectrum of relaxation time is present in the sample but distributed around a mean value. 75 The semicircle observed near T N corresponding to grain relaxation process. We believe capacitance corresponding to the grain boundary is very small compared with grain contribution, only small signature of GB contribution was observed below 650 K in the T N regions (see the asymmetric semicircular arcs in Figure 6(d) ), in agree with complex impedance results. The M 0 vs. M 00 plot shows change in its shape and size with rise in temperature suggesting a change in the capacitance values of the material as a function of temperature. 76 
H. Complex conductivity spectroscopy
To study the mechanism of temperature dependent electrical transport in BNFM sample, ac conductivity (r ac ) vs angular frequency (x) was plotted in temperature range from 400 K to 650 K (Figure 7(a) ). The r ac was calculated by using an empirical dielectric relation r ac ¼ xe r e 0 tan d;
where x is angular frequency and e 0 is vacuum permittivity.
77-79
The conductivity plots of BNFM possess following characteristics: (i) at temperatures below 450 K, the conductivity becomes a strong function of frequency and a short dc plateau is observable; (ii) above 450 K, a frequency independent plateau for x < 10 5 Hz and a frequency dependent conductivity at high frequency regions was obtained for x > 10 5 Hz; (iii) an enhancement of about three orders of frequency independent conductivity with the increase in temperature (from 400 K to 650 K). The above-mentioned observation in conductivity spectra can be explained on the basis of jump relaxation model. The frequency independent plateau at low frequency for higher temperatures (>450 K) is attributed to the longrange translational motion of ions contributing to dc conductivity. The observed frequency independent dc conductivity (at higher temperatures) was explained by Funke 80 in the jump relaxation model. According to this model, the conductivity at low frequency region is associated with the successful hops to its neighborhood vacant site due to the available long time period; such successive jumps result in a long-range translational motion of ions contributing to dc conductivity. At high frequency (>10 5 Hz), two competing relaxation process may be visualized: (i) the jumping ion to jump back to its initial position (correlated forward-backward-forward), i.e., unsuccessful hopping and (ii) The neighborhood ions become relaxed with respect to the ion's position (the ions stay in the new site), i.e., successful hop. The increase in the ratio of successful to unsuccessful hopping results in a more dispersive conductivity at high frequencies. The frequency dependent ac conductivity of BNFM ceramic obeys Jonscher's power law (Eq. (4)) 81 at all temperatures (400 K to 650 K)
where rðxÞ is the total conductivity, rð0Þ is the frequency independent conductivity (dc plateau in Figure 7 (a)), and the coefficient A and exponent n (0 < n < 1) are temperature and material intrinsic property dependent constants. The term Ax n contains the ac dependence and characterizes all dispersion phenomena (higher frequency region, x > 10 5 in Figure 7 (a)). A good agreement was found between experimental data (open circles) and fitted values (solid lines) in Figure 7 (a). A broad shoulder peak in the low frequency region (100 to 1500 Hz) of ac conductivity was observed in the temperature range from 600 K to 640 K (see green rectangle in Figure 7(a) ), this temperature range correspond to T N region, in which a clear peak was also observed in e r vs. T and heat Flow vs T plots ( Figure 5 ).
The inset of Figure 7 (a) presents the temperature dependent exponent (n) obtained from fitted data. The n values were found to vary between 0.48 and 0.69. In the temperature range from 570 to 620 K, n vs. T shows an unusual variation that is well supported by Raman, dielectric, calorimetry, and complex impedance results. Similar anomaly for n and A was observed by Pel aiz-Barranco et al. 82 around T N for ferrimagnetic Zn 0.44 Mn 0.56 Fe 2 O 4 . These results can indicate the coupling of ferroelectric and magnetic phase and can be associated with a critical behavior in electrical conductivity parameters (n and A). It was observed that below 570 K and above 620 K the values of n decrease and increase, respectively. The value of n defines the motion of charge carriers is either translational or localized. If value of n < 1, the motion is translational, and if value of n > 1, the motion is localized. Different hopping mechanisms have been reported by various researchers and these mechanisms predicted different temperature and frequency dependence on exponent n. In case of small polaron hopping, n increases with temperature, while for a large polaron hopping, n decreases with increasing temperature. 83 As shown in inset of Figure 7 (a), the numerical values of n obtained are < 1 and are found to decrease below 570 K and increase above 620 K, hence we conclude that the conduction arises mainly due to the short-range order translation hopping assisted by both large polaron (T < 570 K) and small polaron (T > 620 K) hopping mechanisms.
Figure 7(b) shows the variation of ac conductivity with inverse of temperature at different frequencies. The activation energy for different frequencies was calculated using Arrhenius relation from the slope of the solid lines in Figure  7 (b).
where r 0 is the prefactor, E a the activation energy for charge conduction. From Figure 7 (b) it was observed that the r ac is both frequency and temperature dependent in all temperature regions labeled as I, II, and III. However, at low temperatures (region I) a less temperature dependence was observed as compared to the regions II and III. On the other hand, a higher temperature dependence was found in regions II and III in comparison with region I. As it was explained before, the dispersion of r ac , that is, the ratio of successful to unsuccessful hopping of the charge carriers, is highly dependent of frequency and temperature. We found considerable increase of ac conductivity around Nèel temperature (see green rectangle in Figure 7(b) ), which may be attributed to the coupling between moving charge carriers and magnetic moments around N eel temperature. 84 The activation energies calculated from ac conductivity spectra (Figure 7(b) ) in different temperature regions (I, II, III) at selected frequencies are given in Table IV . It was found that the activation energies determined in regions II and III are in the same range as those calculated from Z 00 vs. f (0.42 eV) and M 00 vs. f (0.39 eV) plots for the same temperature interval 14,86,87 On the other hand, it was found that the BiFe 1Àx Mn x O 3 (x 0.3) shows an increase in magnetization with increase in Mn content but antiferromagnetic nature was observed in all samples. 88, 89 The improvement in magnetic properties in the BNFM ceramic sample could be due to collapse of the spin cycloid structure. This may be caused by the Nd and Mn doping in the A and B sites of the BFO due to structural distortion such as changes in the bond length and bond angles. 14, 86, 88 The weak magnetization with larger coercive field and small remanent magnetization (M r ) observed in the BNFM samples can be due to the presence of iron oxides impurities. 85 However, M-H loops were not saturated even if at a high applied magnetic field of 7 T indicating the slow transformation of G-type antiferromagnetic behavior of BFO into a weak ferromagnetic BNFM material.
An increase was observed in so-called saturation magnetization values from 0.59 to 0.97 emu/g when the temperature decreased from 300 K to 15 K at 7 T. However, simultaneously a decrease in M r value from 0.034 to 0.029 emu/g was observed (see the inset of Figure 8 ). This increase in magnetization and decrease in M r can be due to competition between weak ferromagnetism observed when Bi is substituted by Nd and an increase in the magnetization with antiferromagnetic behavior when Fe is replaced by Mn, as was discussed above.
J. Magnetoelectric coupling
For further understanding the coupling between electric and magnetic order parameters, the magnetoelectric effects in Nd and Mn co-doped BFO were studied. The magnetoelectric coefficient (a) was measured in in-plane mode for H and dH parallel to each other and to the sample plane and perpendicular to dE at room temperature. Figure 9 shows the H dependence of the transverse magnetoelectric coefficient (a E,31 ) at room temperature carried out at 1 kHz, an enlarged view of same plot within small applied magnetic field is presented in the inset of Figure 9 . The a E,31 increases slowly as field increases from zero, and exhibits a broad maxima around H ¼ 600 Oe with a value of 0.124 mV/cm Oe, and subsequently decreases sharply as H increases. After a certain value of magnetic fields, the magnetostriction gets saturated producing a nearly constant electric field, thereby decreasing magnetoelectric coefficient (a) with further increasing the magnetic field. 90 Arya et al. 42 42, 91, 92 Magnetoelectric (ME) coupling in single-phase ceramics originates due to spin-orbit coupling along the preferential axis of spins; however, significant change in the strength of anisotropy and local symmetry due to external electric/magnetic field decides the magnitude and direction of magnetoelectric coefficient as a function of electric/magnetic fields. Restricting ourselves to the linear coupling term, then, E MEðHÞ ¼ aH where E is applied electric field, H is applied magnetic field and a is ME coefficient. Ideally a should increase initially, then saturate, and later decrease with increase in applied fields. The behavior of a may be significantly different due to distribution of grains, grain boundaries and their orientation after poling. 90 The field dependency of transverse magnetoelectric coefficient (a E,31 ) can be attributed to the non-linear response of magneto-stress coupling in sample. 93 The hysteresis behavior of a E,31 is almost symmetric with respect to change in sign of applied magnetic field (either þH or ÀH) which can be originate from a small biquadratic term P 2 M 2 and can be non-linear magnetoelectricity. 94 
IV. CONCLUSIONS
In summary, we have observed a large dielectric anomaly, phonon frequency anomaly, and significant change in thermal energy in the vicinity of T N . Some earlier researchers also observed similar behavior near the magnetic phase transition temperature in BFO and other magnetic materials. It is well known that conducting BFO and small co-doped BFO grain boundaries and domain walls have magnetic rich phase which is more perturbed near T N . In this article, we confirmed that the active grain boundaries contributions are responsible for large dielectric anomaly and magnetodielectric behavior in the vicinity of T N . Small cationic substitutions with Nd and Mn co-doped BFO show sharp endothermic peak around 620 K with broad exothermic peak near 638-643 K (relatively similar to T N of BFO), whereas the first transition is due to the grain boundary induced large dielectric anomaly while the latter one as N eel temperature. BNFM illustrates high magneto-electric coupling coefficient (0.124 mV/cm Oe) at zero bias magnetic field, which reduces with increase in the applied dc magnetic field.
